This study describes the distribution of hobehybridizing sequences in the genus Drosophila. Southern blot analysis of 134 species revealed that hobo sequences are limited to the melanogaster and montium subgroups of the melanogaster-species group. Of the hobo-bearing species, only D. melanogaster and two of its sibling species, D. simulans and D. mauritiana, were found to contain potentially complete hobo elements. The distribution of hobo sequences is one of the narrowest distributions thus far described for any Drosophila transposable element.
Introduction
It is becoming increasingly apparent that transposable elements may play an important role in eukaryotic evolution (Finnegan 1989a) , although, at present, very little is known about their origins and modes of transmission. The first step in understanding the evolutionary history of a particular transposable element is to examine its phylogenetic distribution. Within the genus Drosophila, distribution patterns have been described for a number of different mobile element families, e.g., 297 (Martin et al. 1983; Brookfield et al. 1984) , 412 (Martin et al. 1983; Brookfield et al. 1984) , copia (Martin et al. 1983; Brookfield et al. 1984; Stacey et al. 1986 ), gypsy (Stacey et al. 1986 ), F (Stacey et al. 1986 ), I (Bucheton et al. 1986; Stacey et al. 1986) , and P (Brookfield et al. 1984; Stacey et al. 1986; Anxolabehere and Periquet 1987; Daniels et al. 1990 ). The last two elements are particularly interesting in that they have been shown to be the causative agents of the I-R (Finnegan 19896 ) and P-M (Engels 1989) systems of hybrid dysgenesis in D. melanogaster. Hybrid dysgenesis is a syndrome of correlated genetic abnormalities that is induced in the germ line of progeny from certain intraspecific crosses (Kidwell et al. 1977) . Recently, a third, independent system of hybrid dysgenesis has been documented in D. melanogaster (Blackman et al. 1987; Yannopoulos et al. 1987; Stamatis et al. 1989 ). This system has been shown to be causally related to the activity of the hobo transposable element, although many of the genetic and environmental factors that modulate hobo activity are still not well understood.
On the molecular level, the hobo element was first described by McGinnis et al. ( 1983) and later was characterized in more detail by Streck et al. ( 1986) . In some respects, hobo bears a close resemblance to the P element (see Engels 1989) . Both elements have short inverted terminal repeats and can be divided into two functionally distinct size classes, complete and defective. In the hobo family, complete elements are 3.0 kb in length and are capable of producing the trans-acting product necessary for hobo mobilization. Defective elements are smaller and variable in size and are derived from complete elements by internal deletions; they can undergo transposition only in the presence of complete elements. (For a recent review, see Blackman and Gelbart 1989. ) To date, there has been very little information concerning the phylogenetic distribution of hobo sequences, beyond the observation that they are found in D. melanogaster and in two of its sibling species, D. simulans and D. mauritiana (Streck et al. 1986 ). To gain a better understanding of the phylogenetic distribution of this element, we have undertaken a more thorough survey of the genus, the evolution of which has been described in some detail by Throckmorton ( 1975) and is depicted diagrammatically in figure 1 .
The genus Drosophila arose from one of several early radiations within the family Drosophilidae and underwent extensive diversification in the form of five major radiations, the earliest of which gave rise to the subgenus Scaptodrosophila. This was followed by the Sophophora radiation, which produced the melanogaster, obscura, hobo Distribution in Drosophila 59 1 willistoni, and saltans lineages. The Sophophora radiation was in turn followed by the complex Drosophila radiation, which is composed of three main branches, represented by the virilis-repleta, immigrans, and Hirtodrosophila radiations. In the present study, we have surveyed all the major phylogenetic lineages within the genus for the presence of hobo-hybridizing sequences and have found that the hobo element has one of the narrowest distributions of any Drosophila transposon thus far examined.
Material and Methods

Fly stocks
All of the species used in the present study are listed in Plasmid DNA pRG2.6X contains the internal 2.6-kb XhoI fragment from a complete hobo element cloned into the Sal1 site of the plasmid vector pUC8 (Blackman et al. 1987 ). The complete hobo element was derived from the dpp'/CyO strain of Drosophila melanogaster. This plasmid is shown in figure 2 and was provided by R. Blackman.
Southern Blotting
Genomic DNA samples were routinely prepared from -0.12 g of adult llies by the method described by Daniels and Strausbaugh ( 1986) . DNA was quantitated by the fluorometric assay described by Kissane and Robins ( 1958) . Procedures for restriction-enzyme digestion, agarose-gel electrophoresis, gel blotting, and preparation of nick-translated probes are described by Rushlow et al. ( 1984) . Gels were blotted to either Nytran (Schleicher and Schuell) or nitrocellulose (Schleicher and Schuell), with the same blotting conditions being used for both. The pRG2.6X plasmid was used as probe in all experiments.
Hybridizations were carried out overnight in a mixture containing 50% formamide (Fluka), 5 X SSPE (0.75 M NaCl, 0.05 M NaHP04, 0.01 M ethylenediaminetetraacetate, pH 7.0), 2 X Denhardt's solution [0.04% (w/v) ficoll (type 400), 0.04% (w/ v) polyvinylpyrrolidone, 0.04% (w/v) bovine serum albumin], 1% sodium dodecyl sulfate (SDS), 100 pg salmon sperm DNA/ml, and 0.1 pg 32P-labeled probe DNA/ ml. Filters were washed for 3 h in a series of solutions of increasing stringency, the final one of which contained 0.1 X SSPE and 0.5% SDS. Hybridizations and washes were done at 37°C.
Stringency is directly related to the melting temperature (T,,,) of DNA/DNA hybrids. The T, depends primarily on temperature, ionic strength, percentage of formamide, G/C content, and number of mismatched pairs and can be calculated by an empirical relationship described by Beltz et al. ( 1983 ) . In this way, we have estimated that our hybridization and final wash conditions will promote and maintain DNA hybrids between probe and target only when the two have a sequence similarity equal to or greater than -74%, if it is assumed that G/C content is 38%, which is the content of the canonical D. melanogaster hobo element (Streck et al. 1986 ). Throckmorton (1975) . Genomic blots were analyzed by scanning densitometry (see Material and Methods). a Letter designations are as defined in Material and Methods and denote the laboratories from which the stocks were obtained. b The pRG2.6X plasmid was used as probe. A plus sign (+) indicates that hybridization was observed, and a minus sign (-) indicates that no hybridization was seen at the stringency employed; the number of pluses indicates the relative strength of the hybridization signal. An F indicates that one or more bands were faintly discernible on the blot but that the strength of the signal was not significantly above the baseline level of negative samples. 
Scanning Densitometry
Autoradiograms of the hobo-element survey were subjected to scanning densitometry (LKB UltroScan XL) in order to roughly quantitate relative levels of hobo hybridization. Each autoradiogram had a positive control lane (containing DNA from the Harwich-77 strain of D. melunoguster), as well as lanes containing DNA from several different species. Identical amounts of DNA were loaded in each lane, with the exception of the Harwich-77 control, which had one-fifth the amount of DNA of the other samples. The entire length of each lane was scanned, and the density of all bands was measured; a single, composite "raw score" was then calculated by integrating the area under all of the peaks. So that comparisons could be made between different autoradiograms, a final, standardized score was computed for each sample by expressing its raw score as a percentage of the Harwich score. All samples were then placed on an arbitrarily defined, five-point scale to indicate relative strength of hybridization (see table 1 ).
Results
The goal of the present study was to determine the phylogenetic distribution of hobo-hybridizing sequences in the genus Drosophila and, to a limited extent, among several of the closely related derivative genera. In all, 142 species were examined, 134 from within the genus ( -10% of the presently described species) and representing 26 species groups and all the major radiations, and eight from outside the genus and representing five other genera. Information concerning the evolution and taxonomy of the genus Drosophila can be found in the work of Throckmorton ( 1975) and Beverley and Wilson ( 1984) . The phylogenetic relationships of the groups examined in the present study are depicted in figure 1 ; the arrangement of subgenera, species groups, and subgroups is given in table 1.
To assay for hobo-hybridizing sequences, genomic DNA samples were digested with PvuII and were subjected to Southern blot analysis as described in Material and Methods, using the pRG2.6X plasmid as probe. The PvuII restriction enzyme does not cut within the canonical hobo element ( Streck et al. 1986 )) so each band potentially represents a unique fragment of genomic DNA containing a single hobo sequence. Autoradiograms with positive signals were analyzed by scanning densitometry (see Material and Methods), and samples were placed on an arbitrarily defined, five-point scale to indicate relative strength of hybridization. The results of the survey are shown in table 1.
Within the genus Drosophila, hobo sequences were found only in the melano- 
t+;-- these weakly hybridizing elements from different species. Besides the usefulness of sequence data in determining relatedness between sequences found in different species, such data might shed light on the long-term fate of transposable elements within a lineage and on the molecular processes that impinge on these intriguing components of the eukaryotic genome.
To fully understand the evolutionary history of a particular transposable element within a lineage, one must determine its initial point of entry, its subsequent distribution, and its mode of transmission between species (see Stacey et al. 1986 ). If transmission has been strictly vertical (i.e., mating dependent), then descendants of an ancestral species bearing the element should also possess homologues of the element. If during evolution the element has been lost from a species, then all of its descendants should be element free. Thus, mating-dependent transmission should result in distribution patterns that are virtually continuous. Alternatively, if transmission has occurred horizontally between reproductively isolated species, then distribution patterns may not follow phylogenetic groupings, i.e., they may be discontinuous. The fact that vertical and horizontal modes of transmission are not mutually exclusive often makes it difficult to decipher the exact sequence of events leading to present-day distribution patterns, since very complex patterns can result from the combination of occasional horizontal transfer and subsequent vertical transmission. Moreover, the picture can be even further complicated by the possibility that a lineage may have been invaded at more than one point during its evolution or by the possibility that the complete loss of a sequence family from a species and its descendants may occur more often than supposed.
There are at least two hypothetical scenarios that can be proposed to account for the current distribution of hobo homologues in Drosophila The most parsimonious interpretation of the data posits a single introduction of hobo elements into the melunogaster-species-group lineage at some point prior to the divergence of the melanogaster and montium subgroups, with homologues being transmitted vertically between species. However, such a scenario does not address the large quantitative differences in hobo hybridization between the melanogaster complex and the rest of the melanogasterand montium-subgroup species. Alternatively, it can be proposed that the present-day distribution of hobo homologues results from two independent introductions: an initial introduction into the melanoguster-species-group lineage prior to the separation of the melanogaster and montium subgroups and a more recent reintroduction into the progenitor of the melunoguster complex, perhaps by horizontal transmission. This second introduction would account for the apparent difference between the hobo elements in the melunogaster complex and those in the rest of the hobo-bearing species of the melunogaster-species group. The notion of horizontal transmission between reproductively isolated species has been invoked to account for the current distribution patterns of several Drosophila transposable elements (e.g., see Bucheton et al. 1986; Stacey et al. 1986; Anxolabehere and Periquet 1987; Daniels et al. 1990) .
To account for the patchy distribution of hobo-hybridizing sequences within the montium subgroup, both models must necessarily propose that elements have been lost in some species during the course of their evolution. A theoretical treatment of the evolution of a hypothetical transposable element has suggested that under certain conditions such sequences can be eliminated from the genome (Kaplan et al. 1985) . It is quite possible, then, that the predominantly weak hobo homologues in the montium subgroup represent sequences that are gradually drifting to extinction.
